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Changes in land use land cover (LULCC), vegetation fraction (FV), and soil moisture affects land surface
atmosphere interactions, characteristics of planetary boundary layer (PBL), and near surface atmospheric
moisture content. Previous studies have investigated impacts of LULC, FV, and soil moisture changes on
atmosphere separately. The present study investigates the combined impacts of changes in LULC, FV, and soil
moisture, on PBL atmosphere and near surface atmospheric moisture content. The study is set in western
region of Kentucky, USA. We have used the Noah land surface scheme and MM5 model for this purpose. The
study used two nested domains. The current land use land cover of the inner domain was changed to grass,
forest, and bare soil to represent historical changes and potential near future modifications. Subsequently, FV
and soil moisture were systematically changed for each of the land uses. The simulations have found that
changes of current land use to grass within the inner domain increases latent heat flux, dew point
temperature, relative humidity, and equivalent potential temperature. It was found that height of the PBL was
reduced and development of circulation cells was visible along land use land cover discontinuity. Changes in
horizontal and vertical wind field were also reported. FV changes for grass further magnified these impacts.
For example, decrease or increase in FV has decreased or increased latent heat flux. Similar response of other
PBL parameters could be found for changes in FV along with LULC. It was also found that if we replaced forest
with lower FV by grass with higher FV, the impacts could cancel each other. Changes to forest and bare soil
land use types and lower FV for forest also produced generally similar types of responses. Soil moisture
changes, particularly drying, further impacted these responses. This study finds that increase in FV
counteracts impacts of soil moisture reduction up to a level. Overall, grass produced moister PBL and lowered
the height of PBL and LCL. It is interesting to note that during nighttime the impacts of LULC, FV and soil
moisture changes were diminished. These changes not only modified meso-scale wind fields but also
potential for convective development. It was concluded that similar experiments needed to be undertaken for
convectively conducive environments to better understand the combined impacts of changes in LULC, FV and
soil moisture.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Land use induced land cover change (LULCC) can produce
profound impact on regional land-surface atmosphere interactions
and planetary boundary layer (Pielke, 2001; Cui et al., 2006;
Mahmood et al., 2006; Ter Maat et al., 2006; Pielke et al., 2007a, b;
Raddatz, 2007). Recently, a report by the National Research Council
(NRC) emphasized that LULCC should be included in the climate
change assessment and should be considered as an important climate
forcing (NRC, 2005). Recently, several other assessments also highlight-
ed the importance of LULCC in the climate system (Mahmood et al.,
2010;McAlpine et al., 2010). Land use/land cover (LULC) of thewestern
Kentucky has been modified significantly during pre-European settle-
ment (Sauer, 1927; Waisanen and Bliss, 2002; and Dobler, 2007). This
region includes the Green River watershed and it will continue to be
reshaped in the near future with farming subsidy programs such as the
Conservation Reserve Enhancement Program (CREP). In addition, land
surface in western Kentucky is dominated by karst geology which
allows rapid runoff of precipitation in the underground streams.
Historical data of anthropogenic landmanagement strategies by the
Native Americans across the Southeast date back to the 16th century
(Hammett, 1992). These land management strategies consisted of
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yearly burnings and clearing of forests and in some instances grassland
to increase visibility for hunts and war, to establish villages and agricul-
ture, and to enhance the availability of certain resources (Michaux,
1805; Gordon, 1953; Hammett, 1992). The consistent clearing of land
in March or April was followed by re-growth of new vegetation
several weeks later (Michaux, 1805), which attributed to a landscape
in a constant state of flux even prior to European settlement. Changes
in LULC continue today across the commonwealth with the US
Department of Agriculture and the Commonwealth of Kentucky
partnering together to implement the Conservation Reserve En-
hancement Program (CREP) (Kentucky Division of Conservation,
2008). CREP is designed to subsidize land owners over regions of
Kentucky, including areas of western Kentucky, to plant grasses and
trees native to this region. As the largest conservation effort in
Kentucky's history, initiated in 2001, the program has been active for
nearly nine years and has allowed for some re-growth of native
vegetation. Hence, it is necessary to understand the impacts of the
various land uses and changes in western Kentucky on planetary
boundary layer (PBL). Note, in this study PBL, lower atmosphere, and
near surface atmosphere have been used interchangeably.
The importance of LULCC and atmospheric interactions and
associated feedbacks has been well documented (Pielke et al., 1999;
Fu, 2003; Narisma and Pitman, 2003; Schneider and Eugster, 2005;
Adegoke et al., 2007; and Pielke et al., 2007a). LULCC transforms land–
atmosphere interactions by altering the distribution of moisture and
energy (Pielke, 2001; Gero and Pitman, 2006). LULCC influences the
hydrological cycle and the partitioning of available energy, resulting in
atmospheric and soil moisture feed-backs through changes in vegeta-
tive bio-physical properties and vegetation fraction (Chang andWetzel,
1991; Barlage and Zeng, 2004). Numerous studies have used models to
simulate the impacts of LULCC on convective precipitation, wind fields,
temperature, soil moisture, water vapor, and cloud development
(Chang andWetzel, 1991; Clark and Arritt, 1995; Shen, 1998; Crawford
et al., 2001; Pielke, 2001; Adegoke et al., 2003; Narisma and Pitman,
2003; Gero and Pitman, 2006; Sen Roy et al., 2007, 2011). Shen (1998)
found a vegetation-forced enhancement of simulated lake breezes for
vegetated surfaces over bare soil due to increases in available energy.
Adegoke et al. (2007) have also shown this type of increase in available
energy at the surface due to lower albedo. The increase in available
energy from vegetated surfaces has been shown to have profound
effects on the development of convectively driven thunderstorms and
rain (Pielke, 2001; Pielke et al., 2007a).
Variations in vegetation fraction (FV) have also been shown to
influence the partitioning of available energy and moisture (Chang and
Wetzel, 1991; Clark and Arritt, 1995; Fu, 2003; and Barlage and Zeng,
2004). Increased (decreased) vegetation fraction reduces (increases)
the amount of solar radiation absorbed by the soil, increases (reduces)
transpiration from vegetative surfaces, and thus impacts both energy
and subsurfacemoisture available to the atmosphere. Chang andWetzel
(1991) demonstrated that changes in FV resulted in differential heating
of land surface and enhancement of a stationary boundary front. It was
also noted that higher vegetation fraction caused early initiation of
precipitation with higher rainfall intensities (Clark and Arritt, 1995).
Zeng et al. (2003) found that fractional vegetation cover is one of the
more important variables to be considered in land surface modeling.
It is well known that soil moisture is a critical component of the
climate system and it plays an important role in distribution ofmoisture
and energy through soil moisture–atmosphere feedbacks (McCumber
and Pielke, 1981; Chen and Avissar, 1994; Mahmood, 1996; Mahmood
and Hubbard, 2002, 2004, 2007; LeMone et al., 2007). Moreover, soil
moisture modifies day time PBL evolution (Zhang and Anthes, 1982),
surface Bowen ratio, convective available potential energy (CAPE)
(Clark and Arritt, 1995; Pielke, 2001), cloud development (Findell and
Eltahir, 2003; Ek and Holtslag, 2004), PBL wind field (Segal and Arritt,
1992) and precipitation (Ookouchi et al., 1984; Pan et al., 1996).
Brubaker et al. (1993) noted that 10 to 40% of atmospheric water vapor
is derived “directly” through local evapotranspiration over the Missis-
sippi Valley. It is evident that this local supply of atmosphericmoisture is
particularly necessary for the development of clouds and subsequent
precipitation when the atmosphere is dry (Chen and Avissar, 1994).
In addition, under synoptically weak atmospheric conditions, soil
moisture–atmosphere feedbacks have been found to generate convec-
tion andprecipitation (Ookouchi et al., 1984; Segal et al., 1988; Chen and
Avissar, 1994; Clark and Arritt, 1995; Pielke, 2001). Chen and Avissar
(1994) and Pielke (2001) both noted the importance of water vapor
availability in simulated convection and precipitation processes. In a
modeling study, thirty day integration for the month of July 1993 over
the United States revealed a sensitivity of simulated precipitation to
changes in soil moisture (Betts et al., 1996). Similarly, Douville et al.
(2001) noted an increase in modeled precipitation over the African
continent as a result of increased soil moisture during thewetmonsoon
season. Findell and Eltahir (2003) have foundwetter soils both increase
and decrease simulated convection and accumulated precipitation
depending on the initial state of the upper level atmosphere.
Mahmood and Hubbard (2002 and 2007) noted that different
vegetation types uptake dissimilar quantities of soil moisture
depending upon phenological stage, stomatal resistance, and vegeta-
tion density. Accurate representations of both subsurface moisture
and overlying vegetation increase atmospheric models’ ability to
resolve thermal gradients caused by differential heating at the surface
(Grasso, 2000). Similarly, Chang and Wetzel (1991) found model
simulations initialized with proper representations of both soil
moisture and FV resulted in improved forecasts over experiments
that included only changes in soil moisture or FV alone. Assessing the
relationship between soil moisture and evaporative fraction, Dir-
meyer et al. (2000) concluded that evaporative fraction was sensitive
to both soil moisture and overlying vegetation. Hence, the role of
overlying vegetation cover must be considered in soil moisture–
atmosphere feedback studies.
In this context, the present study assesses sensitivity of warm
season near-surface atmosphere to historical, recent, and potential
future changes in LULC, FV, and soil moisture over western Kentucky.
To represent these changes, the land uses considered are grass, forest,
and bare soils. Grass represents seasonal modifications made by the
Native Americans and early European settlers (ca. 1700s), forest
represents historic and recent predominant LULC (ca. 1700–1900)
and bare soil represents future extreme changes (ca 2000s). Grass and
forest LULC was considered with 25, 50, 75, and 100% FV (no FV for
bare soils). Systematic changes in initial soil moisture (throughout the
depth of the column) include domainwide increases and decreases by
0.05, 0.10, and 0.15 m3 m−3. These lower soil moisture scenarios are
referred to as DRY05, DRY10, and DRY15. On the other hand, increases
in soil moisture are referred to as WET05, WET10, and WET15.
Moreover, in the subsequent sections of this paper control simulation
is referred to as CTRL. Themodel was run for 11 days of June, 2005.We
agree with Beltran-Przekurat et al. (2008) that observational studies
sometime only provide a contemporary view while modeling studies
permit to investigate historical changes and their impacts. Additional
details on experiment set-up are provided in Section 2. Moreover, an
expanded version of the part of the results could be found in Leeper et
al. (2009).
LULCC could accompany changes in FV. In addition, there are
uncertainties associated with the currently prescribed land use and FV
provided in the USGS land cover datasets. By systematically changing
the FV, we also address these uncertainties and the impacts of LULCC.
This approach, in turn, makes the studymore robust. In the past, similar
research design was adopted by Hoffmann and Jackson (2000) to
overcome uncertainty in the LULC data set. Additionally, currently,
adjoining regions of the study area are also experiencing various
development activities and expansion of human settlement. This also
provided motivation for the current assessment and influenced the
experimental design. This investigation is part of a larger research
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initiative (e. g., Quintanar et al., 2008, 2009). The study is set under
rather stable atmospheric condition dominated by a high pressure
system. We are in the process of taking similar studies for convective
and unstable conditions.
Literature review suggests that there is a lack of research that has
focused on combined effect of changes in historical land use land
cover, vegetation fraction (FV), and soil moisture on various
components of hydrologic cycle in the lower atmosphere and
planetary boundary layer. Other studies have provided −1 or 2-D
assessment. To our knowledge this study provided first 3-D impacts
assessment of LULCC. For example, Clark and Arritt (1995) applied
changes in FV without changing the land use. Our study included
changes in land use land cover, FV, and soil moisture. Hence, this
assessment is complimentary to the Clark and Arritt (1995) and other
similar research. It is possible to intuitively conclude the potential
impacts of changes in soil moisture and FV alone. However, we will
demonstrate that the combined changes in land use land cover, FV,
soil moisture and their impacts are more complex. In addition, the
current investigation provides a quantitative measure of combined
impacts of these changes, in addition to conceptual understanding.
In order to simulate the impacts of LULCC, the Pennsylvania State
University, National Center for Atmospheric Research's (NCAR) fifth
generation mesoscale model (MM5) was applied. The MM5 has been
widely used in LULCC studies in the past (e. g, Fu, 2003; Narisma and
Pitman, 2003; Grossman-Clarke et al., 2005; and McPherson and
Stensurd, 2005). A large number of model-based studies were
completed to understand the impacts of LULCC in the Great Plains.
This study was set in western Kentucky, a region east of the Great
Plains and west of the Appalachian Mountains characterized by small
changes in elevation and land cover types consisting of forests and
grasslands. Hence, it provides a new ecological setting for land surface
atmosphere interactions studies. Moreover, as indicated above, it is
expected that simulated combined modifications of LULC, FV, and soil
moisture will provide better understanding of these changes on
planetary boundary layer development and near-surface atmospheric
hydrological components.
2. Model description and verification
2.1. The MM5 model
The MM5 was used in this study to simulate systematic changes of
land use land cover, vegetation fraction, and soil moisture. The MM5
version 3 is a non-hydrostatic, atmospheric research model that is
capable of resolving localized topographical, urban, and coastal
impacts on synoptic scale systems through nested grids (Dudhia,
1993). This model uses a set of four-dimensional equations for a fully
compressible atmosphere in a rotating frame of reference at user
defined resolutions (Dudhia, 1993; NCAR, 2006). The MM5 also
incorporates terrain following coordinates, real-time data assimila-
tion, three-dimensional coriolis torque, and a suite of physics options
including: cumulus parameterization, planetary boundary layer,
explicit moisture, and surface radiation schemes.
In addition MM5 was coupled with the Noah land surface model
(LSM) (Chen and Dudhia, 2001; Mitchell, 2001). The Noah LSM
incorporates bio-physical vegetation parameters, including, rough-
ness length, stomatal resistance, root depth, leaf area index, and soil
characteristics to simulate surface energy and moisture budgets. The
hydrological model of Noah is a columnmodel that allowsmoisture to
percolate downward from the force of gravity in addition upward
movement of capillary action through vegetation roots. Precipitation
that reaches the Earth's surface either infiltrates, moves along the
ground as runoff, evaporates, or for evapotranspires. After infiltration,
moisture moves through the four soil layers (at depths of 10, 30, 60,
and 100 cm) where it is either move upward through capillary action
for ET or further downward. In addition, moisture availability from the
four soil layers for evapotranspiration is limited by rooting depth,
which is a function of vegetation type. Evaporation from Noah is
broken into three parts: direct evaporation from the soil, evaporation
from the canopy (water on leaves), and transpiration through the
vegetation stomata. Transpiration is a function of vegetation fraction,
potential evaporation, surface exchange coefficients for heat and
moisture, and canopy resistance. In addition, canopy resistance is
further dependent upon solar radiation, vapor pressure deficit, air
temperature, soil moisture availability and LAI. For further informa-
tion please consult Chen and Dudhia (2001).
The hydrological model is further impacted by FV, as it partitions
total evaporation between direct evaporation from the soil, canopy
transpiration, and canopy evaporation (Chen and Dudhia, 2001).
Modeled canopy transpiration is extracted from simulated soil
moisture content. The LSM integrates soil moisture over the four
depths up to 1 m. Other components include soil water diffusivity,
hydraulic conductivity, and surface runoff. The Noah LSM has been
tested against several other widely used LSMs, and reasonably
reproduced observed energy fluxes, temperature, and atmospheric
and subsurface moisture (Chen and Dudhia, 2001). Based on these
results, the well-accepted fundamental theories of hydrology that
provided the basis for many assumptions in the model, wide
applications in many parts of the world, and the large community
(scientific and operational) of users, we believe that the Noah LSM is
the right model for our study region.
For this study, the MM5 was initialized with simple ice
microphysics, Kain–Fritsch cumulus parameterization, the Eta plan-
etary boundary layer scheme, and two nested domains at nine and
three kilometer resolution for the outer and inner domains,
respectively. Previously, these authors (Quintanar et al., 2008) have
conducted a series of experiments for domain sizes and their impacts
on accuracy of simulating a number of precipitation events under a
variety of synoptic forcings for the study region presented here. Based
on the results of these experiments and relatively stable synoptic
conditions (with no precipitation) during the current study period, it
is determined that adopted domain size would provide satisfactory
results. Verification of control model runs (Section 2.2) also provided
evidence that adopted domain sizes produced realistic simulations of
land surface conditions. The outer and inner domains are centered at
37.5°N and 87.0°W with 35×41 and 49×64 grid-point resolution,
respectively (Fig. 1). Twenty-three vertical levels were used in this
study to increase computer efficiency and resources. Initial boundary
conditions were forced using final analysis data (FNL) provided by the
NCEP at 1×1 resolution integrated over a time-step of 30 s. The
selection of physics options, time-step, and resolution of model
domains were made based upon a series of sensitivity tests that fit
best against observations for the CTRL run (not shown here).
The current land cover consists of a mixture of forest, grassland,
and cropland as represented by the USGS 24-Category land use data
set. As noted above, in order to capture the significance of impacts of
LULCC on planetary boundary layer components, a series of sensitivity
experiments were conducted. Simulated changes include conversion
of current (CTRL) vegetation to grass, forests, and bare soil land cover.
Subsequently, FV was modified (from current 85%) to 25, 50, 75, and
100% for grass and forest to determine combined impacts of LULC and
FV change. These FV percentages are in reference to individual grid
cells and, for example, model assumes 25% FV is evenly distributed
throughout the grid cell. However, no FV experiments were
considered for bare soil.
Soil moisture was systematically changed for grass and forest and
each FV associated with these LULCC throughout the soil column (all
four levels). Soil moisture was also modified for bare soil. As noted
previously, soil moisture was increased and decreased by 0.05, 0.10,
and 0.15 m3 m−3 from the CTRL for this study. In addition, these
changes were applied uniformly across the entire inner domain.
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Over the study region (Kentucky), there are two sites that mea-
sured soil moisture. The data is collected by Soil Climate Analysis
Network (SCAN) and maintained by the Natural Resource Conserva-
tion Service (NRCS) of the United States Department of Agriculture.
These two sites collect hourly soil moisture data from five depths up
to 1 m. The data could be freely accessed through the World Wide
Web (http://www.wcc.nrcs.usda.gov/scan/). Inspection of these data
suggests that the soil moisture modification scenarios were realistic
and fits to observations. In addition, Leeper et al. (accepted for
publication); Miguez-Macho et al. (2008), Trenbreth and Guillemot
(1998) and Higgins et al. (1996) have noted tendency for reanalysis
datasets (such as NARR) have a tendency to contain moist bias in soil
moisture, which likely stems from a common practice of not balancing
moisture budgets and lack of assimilating soil moisture data into their
products (Nigam and Ruiz-Barradas, 2006). In order to account for
this bias and include potential water shortages or moist conditions in
the past or in the future, we allowed soil moisture to vary the way as
noted above.
Allmodeled resultswere compared to theCTRL runandpresented as
LULCC minus CTRL simulations. Modeling scenarios were initialized
with the same set of initial and lateral boundary conditions. The initial
four days allowed themodel to adjust to simulated changes in LULC and
the final seven days were used in the analysis. During this period, a
synoptic condition dominated by large-scale high pressure system that
existed across much of the Ohio valley (including the study region)
with typical dry summer time temperatures near lower 30 s (°C) for
highs andmid to upper teens (°C) for lows. Less than trace amount of
precipitation was recorded in the study region.
2.2. Model verification
Simulation of current (CTRL) conditions were verified with hourly
observations taken from both Automated Surface Observing System
(ASOS) and Soil Climate Analysis Network (SCAN) sites operated by
the National Climatic Data Center (NCDC) and the Natural Resources
Conservation Service (NRCS), respectively (e. g., Adegoke et al., 2003).
The SCANnetwork additionally provided soilmoisture and temperature
observations at five depths: 5, 10, 20, 50, and 100 cm. Three ASOS and
two SCAN sites were located within modeled domains that had
observations at appropriate time intervals for the 15th through the
26th of June, 2005. Comparisons of modeled and observed data were
conducted byusing a series of statistical tests including the coefficient of
determination (r2), root mean square error (RMSE), d-index, and the
mean absolute error (MAE). All weather stations included in this
analysis were not equipped to observe the same set of meteorological
observations. For example, SCANsiteswereequipped toobserve relative
humidity while ASOS stations provided dew point temperature. Also,
modeled soil moisture results were only comparable with observations
at two depths (0.1 and 1 m) due to the model's additional specified
depths and depths for observations did not match. The three ASOS
stations included were Henderson, Glasgow, and Bowling Green and
two SCAN sites were Mammoth Cave and Princeton (Fig. 1).
The statistical results reveal that the model simulations were
generally in agreementwith observed atmospheric conditions.Modeled
relative humidity show r2 of 0.58 and 0.56 for Mammoth Cave and
Princeton, respectively (Table 1). MAE and RMSE ranged between 9–
12% and 11–14%, respectively, for these locations. It is argued that the
d-index provides a better evaluation of model performance since
some of the above measures are sensitive to outliers (Legates and
McCabe, 1999). The d-index for relative humidity at Mammoth Cave
and Princeton is 0.82 and 0.85, respectively.
The r2 values for modeled and observed dew point temperature
at ASOS stations varied between 0.60 and 0.69 (Table 1). MAE and
RMSE for dew point temperature for ASOS sites were in between
1.3–3.5 °C and 1.69–3.78 °C, respectively. On the other hand, d-index
ranged between 0.62 and 0.86. Upon further examination of simulated
Fig. 1. Outer and inner model domains with locations of Automated Surface Observing System (ASOS) and Soil Climate Analysis Network (SCAN) verification sites.
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atmospheric moisture, it appeared that the model tended to over
and under estimate lower and higher observed values, respectively,
for atmospheric moisture measures (Fig. 2a–b). Time series of modeled
and observed relative humidity and dew point temperature suggests
that the model satisfactorily captured the trend in atmospheric
moisture (Fig. 2c–d). Relative humidity and dew point temperatures
weremodeledwell during the early period of the simulation (June 15
through June 21).
The model was a better predictor of 2 m temperature (Table 2).
The r2 and d-index for 2 m temperature for all sites ranged between
0.71–0.86 and 0.91–0.95, respectively. On the other hand, MAE and
RMSE at all sites ranged between 1.54–2.02 °C and 1.99–2.87 °C,
respectively. An example of the model's performance in regard to
simulated two meter temperature is shown in Fig. 3a–b. The model
has a tendency to overestimate lower temperatures and is in agreement
with Colle et al. (2003).
Modeled soil moisture were compared to observations at 0.1 and
1 m depths, as these were the only two coinciding depths of both
observed and modeled soil moisture. The r2 ranged between 0.67 and
0.97 for both depths (Table 3). At a depth of 0.1 m, the model has a
moist bias and tended to overestimate low soil moisture. Differences
could be partially attributed to bias in the soil moisture data available
for model initialization.
3. Results and discussions
3.1. Control simulation
The current land cover consists mainly of grasses (13%) and forests
(74%) with the remaining inner domain's vegetation composed of
croplands and shrubs. The vegetation fraction during the summer
Table 1
Model verification statistics for relative humidity (%) and dew point temperature (°C).
Statistic Mammoth Cave Princeton Bowling Green Glasgow Henderson
r2 0.58 0.56 0.60 0.69 0.63
d-index 0.82 0.85 0.86 0.62 0.73
RMSE 14 (%) 11 (%) 1.69 (°C) 3.78 (°C) 3.03 (°C)
MAE 12 (%) 9 (%) 1.31 (°C) 3.5 (°C) 2.61 (°C)
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Fig. 2.Hourly modeled and observed scatter plot of relative humidity atMammoth Cave (a) and dew point temperature at Bowling Green (b). Time series from the 15th of June to the
26th 2006 of modeled (dashed line) and observed (solid line) relative humidity at Mammoth Cave (c) and dew point temperature at Bowling Green (d). The dates are labeled on the
time series graphs at noon for each day.
Table 2
Model verification statistics for 2 m temperature (°C).
Statistic Bowling Green Glasgow Henderson Mammoth Cave Princeton
r2 0.71 0.80 0.82 0.86 0.84
d-index 0.91 0.94 0.94 0.94 0.95
RMSE (°C) 2.87 2.24 2.39 2.49 1.99
MAE (°C) 1.99 1.69 1.89 2.02 1.54
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months for this area is nearly 85% and silt–loam is the dominant soil
texture. Domain averages of latent and sensible heat fluxes were 198
and 42 Wm−2 (Table 4). Moreover, relative humidity, ground surface,
2 m, and dew point temperatures were 64%, 25.9, 25.0, and 17.7 °C,
respectively (Table 4). Also, domain average PBL height was 401 m
(Table 4). These results are similar to summer time climatological
averages of this region which is 23 °C (Kentucky Climate Center,
2008). Furthermore, recall that modeled results for five sites located
within the inner domain matched observations at each of the
locations well. Figs. 4a–b and 5a–e show diurnal variation of these
parameters for CTRL, grass, forest, and bare soil experiments.
Additional discussion is presented in the following sections.
3.2. Impacts of land use land cover, fractional vegetation, and soil
moisture change
3.2.1. Grass
Under the grass land use simulation, domain average latent heat
and sensible heat flux, relative humidity, and ground surface, two
meter, and dew point temperatures, and PBL were, 202 and
33 Wm−2, 68%, 25.4, 24.8 and 18.3 °C, and 340 m, respectively
(Table 4). Compared to CTRL (grass minus CTRL), latent heat flux,
relative humidity, and dew point temperature were increased up to
4 Wm−2, 4%, and 0.6 °C, respectively. On the other hand, domain
average sensible heat flux, ground surface and 2 m temperatures, and
height of the PBL was decreased by 9 Wm−2, 0.2 °C, and 0.5 °C, and
61 m, respectively (Table 4).
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Fig. 3. Hourly modeled and observed scatter plots and time series of two-meter
temperature at Henderson.
Table 3
Model verification statistics for 0.1 and 1 m depth soil moisture. Observed data were
obtained from the SCAN sites.
Statistic Mammoth Cave
0.1 m
Princeton
0.1 m
Mammoth Cave
1 m
Princeton
1 m
r2 0.97 0.93 0.67 0.95
d-index 0.29 0.68 0.00 0.20
RMSE
(m3 m−3)
21.61 3.07 6.92 4.81
MAE
(m3 m−3)
21.32 2.39 6.78 4.74
Table 4
Modeled inner domain area average estimates of selected variables for DRY grassland
experiments.
Land-use
and FV
SM Latent
heat
(Wm−2)
Sensible
heat
(Wm−2)
Rel.
humid.
(%)
Dew
point
(°C)
Ground
temp.
(°C)
2 m
Temp.
(°C)
PBL
height
(m)
CTRL CTRL 198 42 64 17.7 25.0 25.9 401
Grass CTRL 202 33 68 18.3 24.8 25.4 340
FV 25% CTRL 140 70 57 16.7 28.3 26.6 535
DRY05 120 85 54 16.2 29.1 27.1 589
DRY10 91 101 52 15.8 29.9 27.6 640
DRY15 76 115 50 15.4 30.6 28.0 691
FV 50% CTRL 166 54 59 17.0 27.2 26.0 479
DRY05 153 65 56 16.5 27.9 26.4 528
DRY10 136 77 54 16.1 28.5 26.8 574
DRY15 117 91 52 15.7 29.3 27.2 635
FV 75% CTRL 189 40 63 17.6 26.1 25.3 394
DRY05 181 46 60 17.1 26.5 25.6 431
DRY10 170 55 58 16.7 27.2 26.0 483
DRY15 151 68 55 16.1 27.9 26.4 546
FV 100% CTRL 210 28 70 18.6 25.0 24.5 302
DRY05 206 31 68 18.4 25.3 24.7 320
DRY10 198 37 65 17.8 25.8 25.1 357
DRY15 180 50 59 16.9 26.7 25.6 432
-50
50
150
250
350
450
550
650
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
90
0
10
00
11
00
12
00
13
00
14
00
15
00
16
00
17
00
18
00
19
00
20
00
21
00
22
00
23
00
Q
E
(W
 m
-2
)
Time (hrs)
Forest
Grassland
Bare Soil
Control
-50
50
150
250
350
450
550
650
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
90
0
10
00
11
00
12
00
13
00
14
00
15
00
16
00
17
00
18
00
19
00
20
00
21
00
22
00
23
00
Q
H
(W
 m
-2
)
Time (hrs)
Forest
Grassland
Bare Soil
Control
a
b
Fig. 4. Inner domain average modeled latent and sensible heat flux for control, bare soil,
grassland, and forest simulations.
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In addition, compared to CTRL, the average largest 24 hour increase
in latent heat flux, relative humidity, and dew point temperature were
26 Wm−2, 5% and 0.78 °C, respectively (Figs. 4a–b and 5a–e). On the
other hand, differences in sensible heat flux, ground surface and 2 m
temperature, and PBL height showed decrease of 33 Wm−2, 1.35 °C,
0.60 °C, and 228 m, respectively. The increase in atmospheric
moisture and relative cooling of ambient temperature can be largely
attributed to lower stomatal resistance for grass and corresponding
higher evapotranspiration. As a result, a small decrease in subsurface
moisture was also noted (not shown).
Fig. 6a–f presents the differences in PBL height, wind fields, and
equivalent potential temperature (θe) for grass, forest, and bare soil.
Here we discuss results from grass. In response to evaporation (latent
heat flux) conducive environment, analysis of data indicates reduced
PBL heights over the grass land use in comparison to CTRL. Fig. 6a
shows that the largest reduction of PBL heightwas 300 m compared to
CTRL withmuch of the domain exhibiting a reduction between 75 and
150 m. Reduction in sensible heat flux (due increased latent heat flux)
has also affected the horizontal wind field. It was found that
divergence of wind away from the grassland.
Fig. 6b shows elevated equivalent potential temperatures (θe) of
2 °C compared to CTRL simulations (Fig. 6b). These increases in θe
(also known as moist static energy) over grassland land cover were in
line with simulated increases in latent heat flux and atmospheric
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moisture. The increase in simulated θe extended to the top of the
grassland PBL near the 930 mb level. However, the atmosphere
became drier above this level. The cross section of vertical wind field
analysis suggests primarily subsidence over the grassland region with
maximum vertical wind speed differences near the simulated domain
border in the order of +2 cm s−1. It was also found that near-surface
wind fields encountered increased surface roughness outside of the
inner domain area and this potentially has increased drag-induced
surface convergence and vertical motion just outside the region of
LULCC (not shown). This ascending motion in turn resulted in
subsidence near the grassland region as evident in Fig. 6b. Overall,
this figure also indicates descending motions around inward edges of
the grasslands (towards the center of inner domain) and ascending
motions around outside edges of the grassland. In other words, two
a b
c d
e f
Fig. 6. Inner domain difference fields for planetary boundary layer height (PBL) height, horizontal and vertical wind vectors, and θe. They were calculated as experiment minus
control. PBL height differences with arrows represent surface wind vector differences for (a) grassland, (c) forest, and (e) bare soil experiments. θe differences with arrows represent
vertical wind vector differences for (b) grassland, (d) forest, and (f) bare soil.
43R. Mahmood et al. / Global and Planetary Change 78 (2011) 36–53
distinct circulation cells were developed at the edges of grass land and
this finding is similar to the findings of McPherson and Stensurd
(2005). The present study has found lowering of PBL height and
divergence in horizontal wind field which is also similar to the
findings of McPherson and Stensurd (2005) and Segal et al. (1988).
3.2.2. Combined impacts of land use induced land cover changes to grass
and vegetation fraction
We have already established in Section 1 that LULC and FV change
impacts boundary layer structure. Scientific investigations largely
treated these two changes separately. Sensitivity of PBL to combined
systematic changes of the LULCandvegetation are notwell investigated.
This type of changes could present some interesting outcome.
Conceptually we can deduce that reduction in FV can counteract the
potential impacts of ‘increase’ in certain types of vegetation cover. For
example, if we replace ‘grass covered areas of high vegetation fraction’
by ‘forested areaswith low vegetation fraction’, evapotranspirationmay
decrease. The following sensitivity tests explore impacts of such
potential changes.
Simulations for grassland were conducted systematically at 25, 50,
75 and 100% FV. Fig. 7a–b show simulated diurnal average latent and
sensible heat fluxes for grass for various FVs. Partly due to the dynamic
nature of the vegetation physiological response and absence of solar
radiation, differences nearly disappear at night. Domain averages of
latent heat flux were 140, 166, 189, and 210Wm−2, respectively for
these FVs (Table 4). In other words, replacement of ‘forests with lower
FV’by ‘grasswithhigher FV’ could replenish the reduced latentheatflux.
As expected, domain average sensible heat fluxes decreased with
increasing FV (Table 4). Ground surface, 2 m temperatures, and PBL
heights were declined with increases in FV (Table 4). As the amount of
green plant canopy increased (FV), atmospheric moisture increased
proportionally and resulted in increased latent heatflux and lowering of
PBL height.
The average largest 24 hour latent heat flux difference between
grassland and CTRL (grass minus CTRL) were decreased by 180, 98,
and 21 Wm−2 at 25, 50, and 75% FV, respectively (Fig. 7a). However,
there was an increase of 52 Wm−2 for grassland at 100% FV compared
to CTRL. Similarly, the average largest 24 hour sensible heat flux
increased as FV reduced from 100 to 25% (Fig. 7b). The average largest
24 hour relative humidity and dew point temperature difference
showed decreases at 25, 50, and 75% FV and increases at 100% FV,
respectively (not shown). As expected, for ground surface and 2 m
temperature, average largest 24 hour differences between grassland
and CTRL increased at 25, 50, and 75% FV, and became cooler under
100% compared to CTRL.
The differences between grassland at 100, 75, 50, and 25% FV and
CTRL simulations indicate the PBL and surfacewindfieldswere sensitive
to these changes. Fig. 8a–h show how these are affected for each change
in FV. As FV increased, PBL heights were reduced due to the reduction in
sensible heat flux. At 100% FV, PBL heights over grassland were up to
300 m lower inmost location (Fig. 8a). However, these differenceswere
diminished as FV was reduced. For example, PBL height differences
between grassland and CTRL was reduced to up to less than 200 m for
75% FV (Fig. 8c), but then grew larger than CTRL by 150 (Fig. 8e) and
300 m (Fig. 8g) at 50 and 25% FV, respectively. As FV was reduced, the
availability of subsurface moisture through the root zone was
diminished and resulted in an increase in sensible heat flux and PBL
heights. It needed be noted that a change in FV does not influence
surface roughness length within the MM5. Therefore, the sensitivity of
the PBL height to FV is really a sensitivity related to heatfluxes. Also, the
horizontal surface wind field was more synchronized with PBL height
than FV. As PBL heights increased with decreased FV (25 and 50%)
compared to CTRL simulations, horizontal surface wind converged over
the grassland region (Fig. 8e and g). The reverse was true for increased
FV.
Cross section analysis of θe differences between grassland at 100, 75,
50 and 25% FV show simulated varied responses in direction and
magnitude of change compared to CTRL. At 100% FV, the grassland
region largely showed increase of θe up to 2.25 °C (Fig. 8b) at the lower
part of the PBLwhile at 25% FV,modeled results showed reduction of up
to 4 °C with respect to CTRL (Fig. 8 h). Vertical wind field differences
compared toCTRL also exhibited sensitivity to changes in FV.At 100%FV,
much of the grassland region showed subsidence with wind speeds in
the order of 2 cm s−1 greater thanCTRL run (Fig. 8b). On theother hand,
at 25% FV, vertical wind speed differences showed more areas with
risingmotion than subsidence with increasing vertical wind differences
of 5 cm s−1 (Fig. 8h). Similar to other cross section analysis in this
research, maximum vertical and horizontal wind fields were primarily
located near the edges of LULCC border.
3.2.3. Combined impacts of land use induced land cover changes to grass,
FV modifications and reduced soil moisture
Reductions in initial soil moisture compared to CTRL and under
grassland at 25% FV had a notable impact on simulated PBL processes. It
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Fig. 7. Inner domain average modeled latent and sensible heat flux for control (dashed
line) and grassland at 100, 75, 50, and 25% FV.
Fig. 8. Inner domain difference fields for modeled PBL height, horizontal and vertical wind vectors, and θe. They were calculated as experiment minus control. PBL heights with
arrows represent surface wind vector differences for grassland at: (a) 100, (c) 75, (e) 50, and (g) 25% FV experiments. θe and arrows represent vertical wind vector differences for
grassland at: (b) 100, (d) 75, (f) 50, and (h) 25% FV experiments.
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was found that surface fluxes were significantly altered with reduced
soil moisture (Fig. 9a–b). Domain averages of latent heat fluxwere 120,
91, and 76Wm−2 for DRY05, DRY10, andDRY15, respectively (Table 4).
On theother hand, sensibleheatfluxeswere85, 101, and115Wm−2 for
the same experiments, respectively. Relative humidity and dew point
temperaturewere only slightly diminished. Given the lowering of latent
heat flux for the dry grassland experiments one would expect a similar
reduction in relative humidity and dew point temperature. However, it
was not realized. Upon further analysis, results showed moisture
convergence over the simulated domain due to shifts in horizontal
surfacewindfields. This is similar to thefindings ofDouville et al. (2001)
and Sud and Smith (1985). Ground and 2 m temperatures and PBL
height reported increase with drier soil moisture condition (Table 4).
Dry grassland experiments at 25% FV with respect to CTRL were
significantly drier and warmer and had higher PBL heights. The largest
average 24 hour latent heat flux, dew point temperature, and relative
humidity differences were less than CTRL (grassland minus CTRL)
(Fig. 9a). Also, sensible heat flux, ground and 2 m temperatures, and
PBL heights for the dry grassland experiments were considerably
higher than CTRL.
Reductions in soil moisture for grassland at 25% FV greatly
enhanced turbulent mixing within the lower boundary layer causing
PBL top to extend upward as described by Oke (1987). Moreover,
Lifting Condensation Level (LCL) was raised 470 m under 25% FV and
DRY15 compared to CTRL (not shown). In other words, conditions for
cloud development were changed. In addition, horizontal wind
vector differences in comparison to CTRL were directed inward
toward regions of higher PBL height (sensible heat flux) which is
similar to Smith et al. (1994) findings. Maximum horizontal wind
speed differences were greater than CTRL by 1, 1, and 1.4 m s−1 for
each reduction in soil moisture.
Due to reductions in subsurface moisture, θe differences for the
dry grassland experiments at 25% FV varied between 2 and 5 °C less
than CTRL within the lower boundary layer. Also, vertical wind field
differences primarily showed rising motion for all dry grassland
experiments at 25% FV with circulations developed at both northern
and southern edges. The development of land breezes along the
vegetation boundaries has been described by Segal et al. (1988) and
Ookouchi et al. (1984). They have attributed these circulations to
sharp gradients in soil moisture found along the domain border. It
was hypothesized that even over homogenous distributions of low
FV, land use thermal gradients may exist due to subtle elevation or
soil moisture differences that give rise to preferential boundary–
layer circulations (Smith et al., 1994). These circulations may have
also developed due to vigorous mixing within the PBL for low FV
experiments. Further research is necessary to assess this hypothesis.
In additions, maximum vertical wind speed differences were greater
than CTRL by 7, 14, and 15 cm s−1 for DRY05, DRY10, and DRY15,
respectively.
The soil moisture–atmosphere feedback response to reductions
in initial soil moisture over grassland at 50, 75, and 100% FV were
moderate when compared to simulated changes for grassland at
25% FV. Generally, direction of changes remained the same for all
moisture, thermal, flux, wind, PBL height measures under all DRY
scenarios (Table 4). However, at 100% FV, latent energy flux only
became lower than CTRL when soil moisture was DRY15 (Fig. 10a).
As a result, sensible heat flux remained lower than CTRL except
DRY15 scenario (Fig. 10b). We find similar types of ‘non-linearity’ in
2 m temperature and PBL heights (Table 4). It is quite evident that
increase in FV could notably reduce the impact of moisture deficit of
soils and thus counter the impacts of drier soils. It should also be
noted that as soil moisture was reduced, favorable locations for
rising and subsiding motions has changed. In our opinion, it is an
important finding. Progressive moderation of model sensitivity to
higher FV has been previously noted by Chen and Avissar (1994).
Similar results were found here even when we changed the soil
moisture in combination with modification of FV. Hence, this is a
further extension of Chen and Avissar's (1994) findings.
As noted by both Sud and Smith (1985) and Douville et al. (2001),
reductions in soil moisture in some instances have been found to
increase atmospheric moisture convergence over an area. Keeping
in-line with these results, moisture flux was analyzed for both dry
grassland experiments at 25% FV and 100% FV for the outer domain.
Moisture flux represented by vectors indicated strong moisture
convergence over dry grassland experiments for 25% FV and a weak
moisture divergence over dry grassland experiments for 100% FV. In
addition, moisture flux for these experiments closely followed
surface horizontal wind fields, which were perturbed by changes in
PBL height.
3.2.4. Forest
Simulated differences between forested and CTRL were not too
much dissimilar due to the fact that 74% of CTRL is forested. The
domain average latent heat flux, relative humidity, and dew point
temperature were decreased (forest minus CTRL) (Table 5) while
there were increase in sensible heat flux and ground surface and 2 m
temperature (Table 5), respectively. We suspect that these small
increases, along with increases in surface roughness length, helped
elevate PBL heights (30 m higher than CTRL).
Additional simulations were conducted to further understand
forest's response with regard to latent heat flux. In this study the
Noah LSM was not altered. LAI, as described by the MM5-Noah LSM,
were identical (4.00) for grassland and forest. To address this issue,
simulations were conducted using theWeather Research and Forecast-
ing (WRF)model to obtainmore realistic LAI values for forest (3.30) and
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Fig. 9. Inner domain average modeled latent and sensible heat flux for control (solid
line) and grassland at 25% for DRY05, DRY10, and DRY15.
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grass (2.92) [the difference is 0.38]. The WRF was used because it is
essentially the next generation MM5. Subsequently, we have included
these WRF estimated LAIs within the MM5 Noah LSM and conducted
additional simulations. It was found that these changes had negligible
impacts on the simulation of latent and sensible heat fluxes, air
temperature, and relativehumidity (Tables 6 and7).However, given the
uncertainty associated with all prescribed vegetation parameters in the
MM5 and the WRF (LAI, albedo, rooting depth, stomata resistance, and
roughness length) we realize that the small difference is within the
limits of uncertainty in the models.
Itwas found that diurnal averages of surfacefluxes, 2 m temperature,
and atmospheric moisture for the new LAI grass and forest experiments
were quite similar to the original simulations. Moreover, slightly higher
latent heat flux is reported again for grass.
In addition, the average difference of latent and sensible heat
fluxes, 2 m temperature, and relative humidity between previous
LAI and new LAI experiments (previous LAI minus new LAI) for grass
was4.96 and−1.70Wm−2,−0.07 °C, and1.48%, respectively (Table6).
These results were very similar to forest average differences for latent
and sensible heat fluxes, 2 m temperature, and relative humidity of
4.66 and −1.20 Wm−2, −0.02 °C, and 0.74%, respectively, between
previous LAI and new LAI experiments (Table 7). Moreover, the
largest diurnal difference of latent and sensible heat fluxes, 2 m
temperature, and relative humidity between previous LAI and new
LAI experiments (previous LAI minus new LAI) for grass was 15.37
and −7.58Wm−2, −0.15 °C, and 1.93%, respectively (Table 6). These
results were also very similar to forest largest diurnal differences for
latent and sensible heat fluxes, two meter temperature, and relative
humidity of 16.53 and−7.97Wm−2,−0.12 °C, and 1.03%, respectively,
between previous LAI and new LAI experiments (Table 7).
The changes in surface fluxes, temperature, and atmospheric
moisture between grass and forest previous and new LAI experiments
were small and that distinguishing difference between model noise
and signal was difficult. In addition, simulated changes for grass and
forest LAI experiments were nearly the same, which would cancel
each other and preserve the grass ET advantage over forests. In other
words, given the uncertainty associatedwith all prescribed vegetation
parameters in the MM5 and the WRF (LAI, albedo, rooting depth,
stomata resistance, and roughness length) we realize that the small
difference was within the limits of uncertainty of the model. Moreover,
LAI alone does not explain themoist/cool bias over grasses compared to
forest in study. Finally, there is no scientifically accepted one LAI value
for grass or forest. Observational methods and techniques to compute
LAI from ground measurements and satellites have come a long away,
but are still being actively refined.Given theuncertainty anddifficulty in
observing LAI and the limited impact it had onmodel results, it was felt
that altering the look-up table was beyond the scope of this study and
not warranted.
Table 5
Modeled inner domain area average estimates of selected variables for DRY forest
experiments.
Land-use
and FV
SM Latent
heat
(Wm−2)
Sensible
heat
(Wm−2)
Rel.
humid.
(%)
Dew
point
(°C)
Ground
temp.
(°C)
2 m
Temp
(°C)
PBL
height
(m)
CTRL CTRL 198 42 64 17.7 25.0 25.9 401
Forest CTRL 192 47 63 17.6 25.3 26.4 431
FV 25% CTRL 135 79 56 16.8 28.9 26.9 556
DRY05 116 92 54 16.3 29.7 27.3 600
DRY10 91 110 51 15.9 30.6 27.8 656
DRY15 67 125 49 15.5 31.3 28.3 705
FV 50% CTRL 158 67 58 17.0 28.0 26.3 520
DRY05 145 76 56 16.6 28.6 26.7 550
DRY10 124 90 53 16.1 29.4 27.1 603
DRY15 99 106 51 15.7 30.2 27.6 655
FV 75% CTRL 179 54 60 17.2 27.0 25.7 472
DRY05 172 60 59 16.9 27.5 26 507
DRY10 155 72 56 16.5 28.2 26.4 554
DRY15 131 89 53 16 29.1 29.6 614
FV 100% CTRL 199 42 65 17.9 26.1 25.1 404
DRY05 194 45 63 17.6 26.3 25.3 422
DRY10 182 54 60 17.1 27.0 25.7 473
DRY15 160 71 57 16.4 27.9 26.2 552
Table 6
Grassland diurnal maximum and average differences for LAI=4.00 minus LAI=2.92.
The percentages were calculated as the ratio of difference between a variable estimated
based on original and new LAI and original LAI.
Latent heat
(Wm−2)
Sensible heat
(Wm−2)
2 m Tair
(°C)
Relative
hum. (%)
Ave. diff. 4.96 −1.70 −0.07 1.48
Ave. percent
(%) diff.
2.44 5.09 0.29 2.18
Max. diff. 15.37 −7.58 −0.15 1.93
Percent
(%) diff.
2.66 5.94 0.52 2.32
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Fig. 10. Inner domain average modeled latent and sensible heat flux for control and
grassland at 100% for DRY05, DRY10, and DRY15.
Table 7
Forest diurnal maximum and average differences for LAI=4.00 minus LAI=3.30. The
percentages were calculated as the ratio of difference between a variable estimated
based on original and new LAI and original LAI.
Latent heat
(Wm−2)
Sensible heat
(Wm−2)
2 m Temp.
(°C)
Relative
hum. (%)
Ave. diff. 4.66 −1.20 −0.02 0.74
Ave. percent
(%) diff.
2.42 2.55 0.08 1.17
Max. diff 16.53 −7.97 −0.12 1.03
Percent
(%) diff.
3.11 4.54 0.42 1.27
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Furthermore, resistance to ET also helps to explain the evaporative
advantage of grass over forest found in this study. FollowingOke (1987)
and assuminga big leaf approach, resistance to transpiration for a region
can be broken down into canopy resistance (rc) and aerodynamic
resistance (ra). Canopy resistance is a function of physiological features
(such as stomata) that regulate transpiration with aerodynamic
resistance a function of atmospheric turbulent effect on transpiration
(such as wind speed and surface roughness). From Oke (1987; pg 127)
the canopy resistance for grass (~70 s m−1) is less than forests (~80–
150 s m−1). However, because forests have a greater roughness length
and generate more turbulence ra for forests (~5–10 s m−1) is much
smaller than grass (~70 s m−1). These values were estimated based on
2 m wind speeds at 3 ms−1. As a result, the total resistance for forest
land cover is typically less than grass, which would result in greater ET.
The Noah LSM allows resistance to vary dynamically over time based on
the Jacquemin and Noilhan (1990) approach. For the period considered
in this study near surface winds were weak. Maximum modeled 10 m
wind speed for CTRL's inner domain during the last 7 days of the
experiment was 5.5 ms−1 with a maximum average wind speed of
3.5 ms−1. It is well known that wind speeds decrease further near the
surface and thus it is safe to assume that 2 mwind speeds aremuch less
than 3 ms−1 and hence reduced the impact of turbulent mixing on
simulated ET. Moreover, in the context of atmospheric conditions on
simulated ET it is reasonable to assume that grasses would have a small
ET advantage over forests. Simulated latent heat flux differences
between grass land cover and forest were only 10Wm−2. Again, this
is a very small change and is less than the internal variability of the
model.
The average largest 24 hour reduction in modeled latent heat
flux was 21Wm−2 compared to CTRL (Fig. 4a). The differences (forest
minus CTRL) in atmosphericmoisture for simulated forested areaswere
modest compared to CTRL (Fig. 5b and e). Overall, results suggest that
forest land use modified near surface moisture content. However,
compared to grass, the magnitudes of these changes were muted.
The maximum PBL height differences were in the range of 150–
200 m shown in Fig. 6c. However, most of the forested region showed
increases in PBL height of less than 100 m. Horizontal wind field
differences indicated weak convergence over the forest region linked to
both the slight increase in PBL height and increase in surface roughness.
This is similar to the suggestion of McPherson and Stensurd (2005) that
the first order differences were attributed to the changes in PBL
height. Maximum horizontal surface wind speed differences (forest
minus CTRL) in the order of+0.3 cm s−1 were concentrated over the
northwestern corner and along the forested edge of the domain. This
is likely the result of the larger forest PBL height difference with
respect to CTRL.
The vertical cross sectional analysis of θe reveals almost no simulated
difference between forest and CTRL runs (Fig. 6d). These results are in
agreement with other simulated atmospheric fields between forest and
CTRL.
3.2.5. Combined impacts of land use induced land cover changes to forest
and FV modifications
As expected, again, increase in forest FV enhanced moisture content
in the planetary boundary layer (Table 8). On the other hand, sensible
heat fluxes were decreased. Ground surface and 2 m temperatures
reported decline with increasing FV. Domain average PBL heights were
556, 520, 472, and 404 m for the above FV categories, respectively.
Overall, there were systematic changes to planetary boundary layer
variables in response to FV changes and they are consistent with our
theoretical understanding.
The average largest 24 hour difference between forest and CTRL
FV were decreased with increased FV (Fig. 11a). In addition, with
increasing FV resulted in decrease in sensible heat fluxes (Fig. 11b).
Dew point temperatures also increased and the differences declined.
PBL height sensitivity to changes in 100% FV was less over forest than
grassland when compared to CTRL (Fig. 12a). Overall, horizontal
surface wind field differences were relatively small (approximately
0.5 cm s−1). However, surface wind speeds were higher near regions
with the greater change in PBL height compared to CTRL. As
vegetation fraction reduced to 75, 50, and 25%, forest PBL height
responded with heights greater than CTRL by 150, 225, and 300 m in
most areas, respectively (Fig. 12c, e and g). Horizontal surface wind
speed differences also increased with PBL height changes..
Cross sectionanalysis reveals that forest at 100%FV is theonly ‘forest’
model run with increases in θe up to 0.4 °C compared to CTRL. As FV
reduced to75, 50, and25%, areaswith θedecrease up to 1. 5 °C compared
to CTRL also grew notably (Fig. 12 b, d, f, and h). These findings are in
agreementwithprevious results of this studywhich showeda reduction
in simulated atmospheric moisture over forest regions as FV was
reduced. Modeled vertical wind fields over the forest region at 100% FV
show both rising and subsiding air columns throughout the forest
region. Compared toCTRL, risingmotionbecamepredominant as FVwas
reduced. Vertical wind speeds at 100, 75, 50, and 25% FV were greater
Table 8
Modeled inner domain area average estimates of selected variables for DRY bare soil
experiments.
Land-use SM Latent
heat
(Wm−2)
Sensible
heat
(Wm−2)
Rel.
humid.
(%)
Dew
point
(°C)
Ground
temp.
(°C)
2 m
temp.
(°C)
PBL
Height
(m)
CTRL CTRL 198 42 64 17.7 25.0 25.9 401
Bare soil CTRL 99 79 54 16.2 30.4 27.3 588
DRY05 77 94 51 15.8 31.4 27.8 642
DRY10 52 113 49 15.4 32.3 28.3 702
DRY15 31 129 47 15.1 33.2 28.7 760
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Fig. 11. Inner domain average modeled latent and sensible heat flux for control and
forest at 100, 75, 50, and 25% FV experiments.
48 R. Mahmood et al. / Global and Planetary Change 78 (2011) 36–53
thanCTRL by0.8, 3, 5, and 6 cm s−1, respectively. Please recall, that both
horizontal and vertical fields are directly impacted by changes in PBL
height as FV has an indirect pathway to affect modeled wind fields.
As previously described, changing of land use land cover and FV both
influencemodeled total evapotranspiration. It is possible that changes in
land use and vegetation could result in decreased evapotranspiration.
However, this could be reversed by enhanced FV. In other words,
combined impact of FV and LULCC may cancel or enhance overall
simulated results for various components of hydrologic cycle. In our
opinion, it is an important finding.
Findell and Eltahir (2003) identified twopathways inwhich changes
in landuse can initiate convection.Overdryer land surfaces, the increase
in sensible heat flux and the subsequent rise of the PBL in a way so that
the PBL reaches the level of free convection (LFC) and thus generating
convective activities. On the other hand, over moist land surfaces the
increase inmoist static energymay lower the LFC to the PBL height, and
generating convection. Lyons (2002) also observed the development of
convectively generated clouds only over dry native vegetation than the
more moist adjacent agricultural fields. He attributed the development
of these clouds as a result of the high PBL heights over the native land
cover. The present study is set under a stable synoptic condition.
However, based on the findings of Findell and Eltahir (2003) and Lyons
(2002), it could be suggested that the changes in PBL heights due to
modification of LULC and FV has also changed the potential for
convective development.
3.2.6. Combined impacts of land use induced land cover changes to
forest, FV modifications and reduced soil moisture
Simulated surface fluxes for forest land use at 25% FV were highly
sensitive to reductions in initial soil moisture. Low FV resulted in low
evapotranspiration. Domain average of latent and sensible heat fluxes
were 116, 91, and 67, and 92, 110, and 125 Wm−2 for DRY05, DRY10,
and DRY15, respectively (Table 5). At the same time relative humidity
and dew point temperatures were declined while ground and 2 m
temperatures and PBL height were elevated.
In comparison toCTRL, as expected, dry forest experiments at 25% FV
were significantly drier and warmer with elevated PBL heights. The
largest 24 hour average latent heatflux, relative humidity, and dewpoint
temperature differences were much less than CTRL while sensible heat
flux, ground and 2 m temperatures, and PBL height were greater.
PBL height and horizontal wind field differences with respect to
CTRL revealed their sensitivity to reductions in subsurface moisture.
PBL height differences varied across the domain (not shown here) due
to randomly generated turbulent eddies as described by Chen and
Avissar (1994) which lead to greater PBL growth. The simulations also
suggest increase in LCL height up to 512 m compared to CTRL under
25% FV and DRY15 scenario and it is greater than grass land use under
similar conditions (not shown). Horizontal wind field differences
directed toward the domain center increased as soil moisture was
reduced. Maximum horizontal wind speed differences were greater
than CTRL by 0.6, 0.8, and 1.4 ms−1 for DRY05, DRY10, and DRY15,
respectively.
A cross section of θe differences showed its reduction compared to
CTRL with drier soils. For the dry forest experiments at 25% FV, θe
differences within the lower boundary layer (up to 850 mb) ranged
between 2 and 5 °C less than CTRL. Similar to dry grassland experiments
at 25% FV, meso-scale circulations developed both along the cross
section and the northern and southern edges. Along the cross section, it
was found thatwith reductions in soilmoisturemaximumverticalwind
speed differences increased with drier soil moisture. Again, response to
reductions in initial soilmoisture over forest at 50, 75, and 100% FVwere
muted when compared to simulated changes for forest at 25% FV.
Generally, direction of changes remained the same for all moisture,
thermal, flux, wind, PBL height measures under DRY05, DRY10, and
DRY15 (not shown).
However, as opposed to grass, latent heat flux remained lower for
all DRY scenario under 100% FV forest LULC. For the same FV and LULC
scenario, 2 m temperature remained lower for DRY05 and DRY10
compared to CTRL. While for the grass 2 m temperature remained
lowered compared to CTRL for all DRY scenario. PBL heights were
higher compared to CTRL for all DRY scenarios for 100% FV for forest.
On the other hand, for grass these heights were lower compared to
CTRL for DRY05 and DRY10 scenario for 100% FV. Overall, compared to
forest, grass LULC resulted in relatively more moist and cooler near
surface atmosphere and lower PBL heights. LCL heights were raised
further for forest compared to grass. In other words, historical
(grassland) and recent (forest) LULCC modified PBL characteristics
for these time periods.
3.2.7. Bare soil
It could be inferred from table 8 that there were 99 Wm−2, 10%,
1.5 °C decrease (bare soil minus CTRL) in latent heat flux, relative
humidity, dew point temperature, respectively. On the other hand,
compared to CTRL simulation, there were 37 Wm−2, 5.4, and 1.4 °C
increase in sensible heat flux, ground surface and 2 m temperature,
respectively.
The average largest 24 hour differences (bare soil minus CTRL)
suggests 13% and 2.9 °C lowering of relative humidity and dew point
temperatures (Fig. 5b, e), respectively. It makes sense because it is
already shownabove that themodeled latent and sensibleheatfluxover
bare soil were about 303 and 111Wm−2 lower and higher compared to
CTRL simulations, respectively (Fig. 4). This is also in line with the
simulated warmer temperatures and a higher PBL height compared to
CTRL. The PBL height for bare soil was 1750 m.
Impacts of LULCCs were most prominent betweenmid-morning to
mid-afternoon hours. For example, latent heat flux from CTRL, grass,
forest, and bare soil during noon were 551, 577, 555, and 254 Wm−2,
respectively (Fig. 4a). The differences in latent and sensible heat flux,
planetary boundary layer height, and dew point temperatures for
CTRL, grass, forest, and bare soil were nearly completely diminished
during evening hours as can be seen in Figs. 4a–b and 5b and e.
The largest seven day average increase in PBL height was 550 m.
Similar to findings in other research, increases in sensible heat flux is
thought to be the main contributing factor leading to elevated PBL
heights (e. g., McPherson and Stensurd, 2005). As a result of the
increase in PBL height over bare soil, surface horizontal wind fields
were directed inward in comparison to CTRL (Fig. 6e). Maximumwind
speed differences were up to 1 ms−1, but spatially confined along a
narrow band near the domain border. This is partly due to the
reduction in surface roughness. The increase in wind speed was then
entrained to the ascending motion, evident in simulated vertical
velocities. It was also found that the largest increase in differences in
vertical velocities were near the domain border.
A cross section analysis indicates the vertical extent of the bare soil
region's forcing on the vertical structure of the atmosphere (Fig. 6f). θe
differences between bare soil and CTRL indicated lower θe over bare
soil by as much as 6 °C near the surface and up to 1 °C at the 870 mb
level. The LULCC also initiated higher vertical velocities and horizontal
wind speeds near the domain border. Maximum vertical speed
differences of +4 cm s−1 were estimated.
In summary, latent heat flux was higher over grass due to lower
model assigned stomatal resistance. On the other hand, bare soil
reported higher sensible heat flux. It was also found that relative
humidity and dew point temperatures were the highest under grass
land use and the lowest under bare soil. In addition, bare soil reported
the highest 2 m and ground temperature and planetary boundary
layer height. Conversely, these estimates were the lowest for grass
land use. Moreover, LULCC changed meso-scale wind field of the PBL.
Thus, land use change has certainly affected characteristics of the
planetary boundary layer.
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3.2.8. Dry bare soil experiments
Simulated surface fluxes over bare soil were further sensitive to
decreases in initial soil moisture. Domain average latent (sensible)
heat flux was reduced (increased) with decreasing soil moisture
(Table 8). The reduction in available subsurface moisture has reduced
simulated atmospheric moisture and increased temperature and PBL
heights.
It is found that PBL height and horizontal wind field differences
varied in response to decreases in initial soil moisture. Simulated PBL
heights over bare soil were greater than CTRL with increasing
differences within the inner domain as the soil became drier. As a
result of elevated PBL heights, horizontal wind vector differences
were oriented toward the domains center and increased in magnitude
with reductions in soil moisture. Maximum horizontal wind speed
differences were greater than CTRL by 1.2, 1.8, and 1.8 ms−1 for
DRY05, DRY10, and DRY15 scenarios.
Lower θe differenceswere found from the surface up to 900mb and
ranged between 3 and 6 °C less than CTRL. For the DRY10 and DRY15
bare soil runs, the strong vertical mixing within the PBL seems to have
organized into a convective circulation similar to that found over both
grassland and forest at 25% FV. Overall, as expected, bare soil resulted
in warmer and drier atmosphere and higher PBL heights compared
with forest and grass.
3.2.9. Wet bare soil experiments
Increases in soil moisture over grassland and forest from 25 to
100% FV and bare soil land uses had negligible effects on simulated
near-surface atmosphere. This study found up to 269 m lowering of
lifting condensation level (LCL) under WET15 and thus modified
potential for cloud development. This is a notable finding under WET
simulations. The model's insensitivity to increases in soil moisture for
this study is due to an already moist root zone. FNL prescribed soil
moisture across the domain is 0.36 m3 m−3. As suggested by
McPherson (2007) and Oke (1987), increases in soil moisture elevate
transpiration and evaporation rates up to a point where further
increases have little or no effect, as was found in our experiments. It is
also apparent that observational knowledge of the initial soil profile
including temperature and moisture is critical in any soil moisture–
atmosphere feedback assessment as described by Dirmeyer et al.
(2000).
4. Final remarks
This study investigated the impacts of historical land use changes
on planetary boundary layer atmosphere in western Kentucky under
summer time dry andweak synoptic conditions. Moreover, recent and
potential future changes were also considered. Grass represented
seasonal LULCC introduced by the Native Americans and early
European settlers. Forest represented predominant historical and
recent LULC and bare soils extreme future changes. To fulfill the
objective of the study a number of sensitivity experiments were
conducted. The results presented here emphasize the importance of
LULC, FV, soil moisture, and atmospheric interactions. Many of the
previous modeling studies have focused on LULCC and its impacts on
atmosphere. However, there is a lack of studies highlighting the
combined impacts of LULCC, FV, and soil moisture. To the best of
authors' knowledge, this is the first study that has coupled systematic
changes in soil moisture with LULC and FV.
Changes in LULC and FV under summer time dry and weak synoptic
atmospheric conditions impacted the energy balance, atmospheric
moisture content, near surface temperatures, and PBL characteristics,
including wind fields. Compared to forest (~1700–1900s), grass
(~1700s) LULC resulted in increased latent energy flux and lower the
2 m temperature and lower PBL heights. Bare soils (~2000s) resulted in
lower (higher) latent (sensible) heat flux compared to grass and forest.
It is also found that bare soils produced the highest overall PBL heights.
In addition, altered PBL wind fields supported both moisture
convergence and divergence over the inner domain, modified PBL
stability, and initiated meso-scale circulations. It is also found that the
combined impact of modeled changes in LULC and FV may either
enhance or reduce overall simulated differences compared to CTRL.
For example, grass land use resulted in higher latent energy flux
compared to CTRL. However, it was much lower under 25% FV and
further enhanced under 100% FV. Moreover, the impacts of FV on
simulated results are sensitive at the diurnal scale. During the evening
hours differences diminishes.
Atmospheric sensitivity to reductions in soil moisture was depen-
dent upon LULC and FV. In general, it was found that modifications of
LULC and FV that yield higher evapotranspiration rates, offset the
simulated impact of drier soils as found by Chen and Avissar (1994). For
example, grassland was slightly less sensitive to reductions in soil
moisture than forest due to a lower stomatal resistance. Also, increases
in FV for both grassland and forest mitigated the atmospheric response
reduced soil moisture.
More importantly, changes in soil moisture modified PBL
structure and 3-D wind fields. It was found that drier soil increased
PBL height by limiting transpiration through vegetation stress
(stomata closure), which increased sensible heat flux and vertical
mixingwithin the PBL, as described by Oke (1987). Along the domain
border, convectively driven vertical mixing was found to organize
into meso-scale circulations like those described by Ookouchi et al.
(1984) and Chen and Avissar (1994) due to distinct contrasts in soil
moisture along the boundary. In addition, reduced soil moisture
coupled with low FV induced preferential meso-scale circulations
within the modeled domain that were not simulated over more
dense vegetation. It is hypothesized that these preferential meso-
scale circulations arise from at least three sources: subtle differences
in soil moisture, elevation [suggested by Smith et al. (1994)], or
vigorous mixing within the PBL. In addition, we noted that the PBL
sensitivity to these circulations was reduced as FV was increased. In
some instances, the modeled circulations altered PBL stability and
promoted vertical mixing within the free atmosphere and cloud
development. It was also found that height of the LCL was increased
under dry soil and low FVwhile decreased underwet soil and high FV.
Moreover, coupling of atmospheric moisture convergence, increased
vertical motion, and weakening stability within the PBL creates
atmospheric conditions conducive for cloud development, precipi-
tation, and convectively driven thunderstorms.
Land surface forcing on precipitation has many pathways. Thus, a
given set of land surface condition may help in development of
precipitation if certain atmospheric state is achieved. In other words,
the risk of developing an extreme convective event or heat wave is
possible. Several of our own studies demonstrate that when we change
soil moisture we also change amount, timing, and location of precipita-
tion (Quintanar et al., 2008, 2009; Sen Roy et al., 2011; Leeper et al.,
accepted for publication). Moreover, we have clearly demonstrated that
potential for cloud development and precipitation was modified due to
changes in LULC. Our discussions on modifications in θe, PBL height and
moisture convergence due to changes in LULC are directly linked to
potential convective development.
In summary, as LULC, FV, and soil moisture changes in the past
modified planetary boundary layer characteristics, meso-scale circula-
tions, potential for cloud development, near surface temperature, and
moisture content as shown in this study. Future changes would also
Fig. 12. Inner domain difference fields of modeled PBL height, horizontal and vertical wind vectors, and θe. They were calculated as experiment minus control. PBL heights with
arrows represent surface wind vector differences for forest at: (a) 100, (c) 75, (e) 50, and (g) 25% FV experiments. θe and arrows represent vertical wind vector differences for
(b) 100, (d) 75, (f) 50, and (h) 25% FV experiments.
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result in similar responses. In other words, local and regional weather
and climate conditions would get modified. Obviously, near surface
temperature and moisture changes may affect human comfort level. In
addition, (an unintentional finding of) this study shows proper
specification and initialization of soil moisture and FV must be
addressed carefully during futuremodeling studies to improve accuracy
because they could noticeably influence outcome. The findings also
illustrate the need for a high quality, spatially dense meteorological
network including of soil moisture monitoring instrumentations, such
as the Kentucky Mesonet (www.kymesonet.org). The data from such a
network will further help improvements in meso-scale model verifica-
tion and simulation.
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